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Al,Fe-pillared clay was synthesized from domestic clay from Bogovina according to a common procedure:
grinding, sieving, Na exchange, pillaring, drying and calcination. Two synthesized samples differing only in
calcining conditions were prepared. Phase composition and textural properties of the starting clay and synthesized
pillared clays were characterized using X-ray diffraction and physisorption of nitrogen. Catalytic tests were
performed using sample with better textural properties being the one submitted to milder calcining conditions.
Catalytic wet peroxide oxidative degradation of aromatic compounds phenol and tartrazine on the synthesized
catalyst was confirmed showing better efficiency in the case of tartrazine.
PACS numbers: 61.05.C−, 61.43.Gt, 61.46.−w, 68.43.−h, 82.65.+r
1. Introduction
Pillaring is a process of smectite modification used to
obtain materials that have found a wide range of ap-
plications in catalytic, adsorption and separation pro-
cesses. Common procedure for pillared clay (PILC)
preparation is: swelling of smectite in water, exchange
of the interlayer cations by partially hydrated polymeric
or oligomeric metal cation complexes in the interlamellar
region of the starting clay, drying and calcining of wet
cake formed of expanded clay in order to have the metal
polyoxocations transformed into metal oxide pillars [1].
One of the most promising solutions for the elimi-
nation of pollutants from waste waters is catalytic wet
peroxide oxidation (CWPO) using pillared clays. It has
been proven as a method extremely effective under mild
conditions for the degradation of organic pollutants par-
tially or completely transforming them to CO2 [2–4].
Moreover, hydrogen peroxide is a desirable environment
friendly oxidizing agent since it is nontoxic and does not
form any harmful by-products.
The aim of the research presented in this work was
to apply PILCs as catalysts in the CWPO of organic
pollutants with goal of finding appropriate solutions for
the environmental protection.
The efficiency of CWPO is highly influenced by the
properties of applied PILC catalyst. PILC properties are
affected by various synthesis parameters such as solid–
liquid ratio, clay origin, particle size, type of oligomeric
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metal cation or mixture of cations, intercalation condi-
tions, temperature and duration of calcining etc. In this
work the pillaring process was performed on 2 µm frac-
tion of Bogovina-originated smectite clay. PILC catalysts
based on Al PILC with Fe3+ as active cation were syn-
thesized where several synthesis parameters were main-
tained constant such as clay size and origin, type of pil-
laring cations and their ratio, cation/clay ratio etc. On
the other hand, two extreme calcining sets of parameters
found in literature [5, 6] were applied and their influence
on the catalyst properties was investigated. Among the
two obtained catalysts the one with better textural prop-
erties was tested in the CWPO degradation of phenol and
food dye tartrazine (presented in Fig. 1).
Fig. 1. Structural formula of tartrazine.
2. Experimental
Starting material was domestic clay from Bogovina
[7, 8]. The 2 µm fraction of this clay with cation exchange
capacity (estimated by ammonium acetate method) of
765 mmol kg−1 was used in further experiments and de-
noted as raw clay. After transforming the original dom-
inantly Ca form of smectite into its corresponding Na
(811)
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form the process of pillaring was carried out according
to a common procedure [9]. Pillaring solutions were ad-
justed to have the Fe3+/(Al3++Fe3+) atomic ratio of 10
and OH−/(Al3+ + Fe3+) = 2.0. The procedure included
continuous stirring at 60◦C for 3 h and at room tempera-
ture overnight. In the next step the appropriate amount
of the pillaring solutions, required for the ratio — mmol
(Al3+ + Fe3+)/g clay – to be 20, was slowly added into
aqueous suspension of Na-exchanged smectite. After be-
ing rigorously stirred at 80◦C for 3 h the final suspension
was stirred at room temperature overnight, alternately
centrifuged (5000 rpm) and washed with water, and fi-
nally air-dried overnight at 110◦C.
Two extreme time/temperature calcining regimes pre-
sented in Fig. 2 were tested in the synthesis of catalyst.
The sample calcined at maximal temperature of 300◦C
for 2 h was referred to as AlFe10 PILC-1 and the one cal-
cined at maximal temperature 500◦C for 8 h as AlFe10
PILC-2.
Fig. 2. Regime of calcination: (1) AlFe10 PILC-1 and
(2) AlFe10 PILC-2.
X-ray diffraction (XRD) patterns for powders of raw
and pillared clays were obtained using a Philips PW
1710 X-ray powder diffractometer with a Cu anode (λ =
0.154178 nm).
A Spectro Spectroflame M, iinductively coupled
plasma optical emission spectrometer (ICP-OES), was
used to determine potential leaching of pillaring cations
from the catalysts.
Nitrogen adsorption–desorption isotherms were de-
termined on Sorptomatic 1990 Thermo Finningen at
−196◦C. The samples were outgassed at 160◦C, during
20 h. Various models and appropriate software-WinADP
were used to analyze obtained isotherms. Specific sur-
face area of the samples, SBET, was calculated according
to the Brunauer–Emmett–Teller method [10, 11]. Total
pore volume was calculated according to the Gurvitch
method for p/p0 = 0.98 [10, 11]. Pore size distribution
for mesopores was calculated according to the Barrett–
Joyner–Halenda method from the desorption branch of
isotherm [12]. Micropores were analyzed using Dubinin–
Radushkevich method [11, 13].
The reactions of pollutant oxidative degradation were
carried out in the manner analogical to the procedure
previously used for phenol degradation [14] and described
below. Pyrex reactor thermostated at 310 K (Julabo
MC 4 circular heater) and equipped with a stirrer was
used. 100 ml aqueous solutions of each pollutant (phenol
and tartrazine) were stirred with 0.5 g of solid catalyst
and the quantity of hydrogen peroxide was added that
slightly exceeded stoichiometric quantity needed to to-
tally transform each of them into CO2. Aliquots were
taken at predetermined periods of time and, after filtra-
tion (Cole–Palmer nylon syringe filters with PP hous-
ing; pore size = 0.20 µm), analyzed by UV-Vis spec-
trophotometry. The spectra were obtained using Thermo
Electron Nicolet Evolution 500 UV-Vis spectrophotome-
ter. UV absorption peaks at 427 nm for the dye and
270 nm for phenol were chosen for monitoring the cat-
alytic process.
3. Results and discussion
According to X-ray diffraction patterns (Fig. 3) the
following phases were identified in the investigated sam-
ples: smectite, quartz, and feldspar [15].
Fig. 3. X-ray diffraction patterns of (1) raw clay,
(2) AlFe10 PILC-1 and (3) AlFe10 PILC-2 where
S = smectite, Q = quartz and F = feldspar.
A small hump between 19 and 30◦ 2θ attributed to
X-ray amorphous matter was also observed. The (001)
smectite peak around 2θ = 6◦ shifts during the pillaring
process. For the starting clay, which shows swelling prop-
erties, the (001) smectite peak occurred at 2θ = 5.78◦
corresponding to basal spacing of 1.53 nm. After pil-
laring the peak shifted to 2θ = 5.40◦ (d001 = 1.64 nm)
and 2θ = 5.52◦ (d001 = 1.60 nm) for AlFe10 PILC-1
and AlFe10 PILC-2, respectively, and the basal spacing
remained fixed. The obtained results are in accordance
with previously published data [3, 6, 16–19].
Figure 4 shows nitrogen adsorption–desorption
isotherms for the investigated samples.
The curves presented in Fig. 4 correspond to the type II
isotherms according to IUPAC classification [11, 20].
A sharp decline in the region of low relative pressures
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Fig. 4. Nitrogen adsorption–desorption isotherms reg-
istered for: (1) 2µm fraction of smectite clay, (2) AlFe10
PILC-1 and (3) AlFe10 PILC-2.
suggests the presence of micropores. All the isotherms
have reversible part at low relative pressures and hys-
teresis loops at higher relative pressures corresponding
to the H3 type of hysteresis cycle characteristic of ag-
gregated plane particles forming slit shape pores [10, 11].
Relevant data for the raw clay and both synthesized sam-
ples obtained using WinADP software are presented in
Table.
TABLE
Selected textural properties of the investigated samples.
Sample
SBET
[m2/g]
V0.98
[cm3/g]
Vmic
[cm3/g]
Dmax
[nm]
Dmed
[nm]
Raw clay 125 0.125 0.051 3.8 3.9
AlFe10 PILC-1 172 0.229 0.072 5.3 7.3
AlFe10 PILC-2 91 0.217 0.039 3.7 10.0
SBET — specific surface area; V0.98 — total pore
volume, Vmic — micropore volume, Dmax — the pore
diameter where the maximum of derivative cumulative
volume curves is reached, Dmed — median value of pore
diameter.
In all the samples pores from the mesopore region
(pores with diameter within 2–50 nm range) prevail. Pore
size distribution for mesopores is calculated according to
the Barrett–Joyner–Halenda method and the pore diam-
eter where the maximum of derivative cumulative volume
curves is reached (Dmax) and median value of pore diam-
eter (Dmed) are also given in Table.
Table shows total pore volume for pillared samples
comparing to the non-pillared one. As for the specific
surface area and volume of micropores they increase for
AlFe10 PILC-1 and decrease for AlFe10 PILC-2. Longer
heat treatment at higher temperature (500◦C and 8 h, see
Fig. 2) applied to AlFe10 PILC-2 resulted in gradual pore
blocking that dominantly occurs in pores with smaller di-
ameter reducing micropore volume probably due to tem-
perature induced increase in solid state diffusion. From
Dmax and Dmed values it can be concluded that the pil-
laring process leads to the shift of mesopore fractions
toward greater mesopore diameters. On the other hand,
in AlFe10 PILC-1 expected increase in the micropore vol-
ume in comparison with raw clay was achieved.
Therefore, after the synthesis and characterization
only AlFe10 PILC-1 which had better textural proper-
ties was tested in the CWPO of phenol and tartrazine
under above defined conditions.
For the comparison purposes the adsorption of both
pollutants on AlFe10 PILC-1 was investigated under con-
ditions equal to those applied in the CWPO reactions
but without addition of hydrogen peroxide. Compara-
tive presentation of catalytic degradation and adsorption
is given in Fig. 5 for phenol and in Fig. 6 for tartrazine.
Fig. 5. Relative change in the concentration of phenol
during adsorption and CWPO reaction.
Fig. 6. Relative change in the concentration of tar-
trazine during adsorption and CWPO reaction.
It was shown that after 2 h the amount of pollutants
removed from the system by adsorption was significantly
smaller than by catalytic degradation for both pollutants.
The presented data show that the synthesized catalyst
is applicable in wet hydrogen peroxide oxidation of the
aromatic compounds used in this research. For the in-
vestigated AlFe10 PILC-1 catalyst–H2O2–pollutant sys-
tem higher degradation level was observed for tartrazine,
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while the degradation was not as effective in the case of
phenol.
In order to test the chemical stability of the synthe-
sized catalyst in the investigated system the presence of
inorganic cations in the reaction mixture was analyzed.
The obtained optical emission spectra confirmed that the
Al3+ and Fe3+ ion concentrations in the filtrates taken af-
ter 24 h of the reaction did not exceed 0.01 ppm. These
results show that leaching is negligible confirming that
the pillaring cations are well incorporated in the pillar
structure.
For better quantification of the obtained experimen-
tal results a comparison with data previously published
elsewhere is given.
There are numerous works dedicated to the CWPO of
phenol [3, 14, 16, 21, 22], while it was not the case for
the CWPO of tartrazine. In most of the published papers
dealing with CWPO of phenol it was shown that after 1 h
of the reaction phenol degradation was similar or lower
than the one obtained in this research, but after 2 h often
exceeded the degradation efficiency of our system. This is
probably due to the fact that in all mentioned papers the
reaction conditions were adjusted to pH of about 3.7, the
value that provides maximum oxidation rate [22] and/or
higher temperatures. In our case, pH was not adjusted
and the process optimization was not carried out.
As for tartrazine literature review has not provided rel-
evant data on its degradation using CWPO, but there are
those for the Fenton process [23]. Unlike the method em-
ployed in our work, the Fenton process is a homogeneous
catalytic process and direct comparison of the results is
not possible. Range of phenol degradation after 1 h of
the reaction, reported in the work [23] was 40–98% de-
pending on the amount of hydrogen peroxide and Fe2+
ions introduced into the reaction system. In here inves-
tigated CWPO reaction the corresponding degradation
was 62% although the amount of used peroxide was 40–
500 times smaller. After 2 h of the reaction we found
the elimination of the dye to be about 90%. Finally, the
advantages of the CWPO applied in this work over the
Fenton process are: the solid PILC catalyst is easily re-
movable from the system, hence does not represent any
threat to the environment, the catalyst is stable as it was
shown in the ICP-OES tests, and it might be reused.
4. Conclusion
Successful pillaring of smectite clay from Bogovina
(Serbia) with Al3+ and Fe3+ cations was performed and
confirmed by X-ray diffraction and nitrogen physisorp-
tion test. Increased temperature and prolonged calci-
nation time were shown to cause derogation of textural
properties of the synthesized pillared clay, particularly
specific surface area and micropore volume. The sample
with better textural properties was chosen for catalytic
wet peroxide oxidation tests. It was efficient in the ox-
idative degradation of investigated aromatic compounds:
phenol and tartrazine. It was also shown that the amount
of pollutants removed from the system by adsorption was
significantly smaller than by catalytic degradation for
both pollutants being negligible for tartrazine. Higher
catalytic degradation level was observed for tartrazine
than for phenol.
The principal goal of this work to confirm the possi-
bility of use of domestic clay in the synthesis of pillared
clay catalyst for the degradation of different organic wa-
ter pollutants was fulfilled.
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